The aim of this work was to determine the mobility of naproxen, carbamazepine, and triclosan through a wastewater-irrigated agricultural soil. Transport experiments were carried out using undisturbed soil columns taken at 10 and 40 cm depths. The mobilization of the pollutants was evaluated using two hydrological regimes transient flow for superficial columns and steady-state conditions for the sub-superficial columns. Results demonstrated that preferential flows are present in the superficial soil, and transient flow conditions facilitate the movement of the pollutants through the soil. Conversely, displacement of the contaminants in the sub-superficial soil columns was slower than that observed in the superficial soil. Triclosan was not found in the leachates of the soil columns at the two depths, indicating the strong retention of the compound by the soils. Conversely, naproxen and carbamazepine were determined in leachates of the soil columns at both depths.
INTRODUCTION
Wastewater reuse for agricultural irrigation is a practice gaining popularity worldwide, notably in developing countries where, due to the scarcity of treatment facilities, untreated wastewater is frequently used (Jiménez & Asano ) . In the near future, an increment is expected in the volume of wastewater reused for agricultural irrigation because: (1) it represents an easy and cheap way to dispose of wastewater; (2) it is an option to relieve water stress in arid and semiarid zones; and (3) wastewater is a source of nutrients for the receiving soils, increasing crop yields and thus the profits of farmers (Jiménez ) . However, wastewater reuse can spoil the quality of surface and subterranean water sources in and nearby the irrigated area. It is well known that wastewater is the main route of so-called emerging pollutants to enter into the environment. These pollutants are residues of substances used in everyday consumer products, such as pharmaceuticals, personal care products, flame retardants, plasticizers, additives, etc. (Petrovic et al. ) . Conventional wastewater treatment systems have demonstrated the partial removal most emerging pollutants, and thus a fraction of the original compound along with a group of its by-products are released into the environment (Ratola et al. ) . Despite emerging pollutants being present in water bodies at trace levels (concentrations are reported in the range of ng/L to μg/L), their occurrence is related to endocrine disruption effects as well as to systemic damage in vulnerable organisms (Naidoo In zones where treated wastewater is used for agricultural purposes, emerging pollutants have been found in wastewater-irrigated soil and in the water bodies nearby (Gottschall et al. ) . One example of a long-term irrigation system reusing untreated wastewater can be found in Tula Valley, central Mexico. In this zone, a flow of up to 5.2 million m 3 /s of untreated wastewater, produced by the 22 million people living in Mexico City's metropolitan zone, is used to irrigate 85,000 ha of agricultural fields ( Jiménez & Chávez ) . Even though wastewater used for irrigation does not receive any kind of treatment, a significant decay in the concentration of some contaminants, e.g., heavy metals, microbiological agents, and organic compounds (e.g., some emerging pollutants) has been observed during the transportation, storage, and application of wastewater on the soil, as reported by Jiménez & Chávez () and Chávez et al. () . Wastewater depuration has demonstrated to be so efficient that the aquifer of the irrigated area, which has been recharged with the infiltrated wastewater for several decades, is used as the only drinking water source for the 500,000 people living in the Tula region, only chlorination being applied as disinfection prior to distribution.
The removal and dissipation of emerging pollutants in the Tula Valley region may be attributed to natural attenuation processes, such as photodegradation, biodegradation, and sorption onto the soil. In this sense, it is necessary to elucidate how these pollutants mobilize or degrade in the soil in order to understand how depuration works, as well as its potential limitations. Soil column experiments are useful to describe the mobility of contaminants through the soil porous media, assessing separately the factors that influence this process. The vertical movement of the emerging pollutants toward the aquifer may depend on: (1) the chemical properties of the solutes; (2) the hydrological regime at which water infiltrates through the soil; and (3) the physical and chemical properties of the soil. The polarity of the molecules as well as the structure and texture of the soil also have a decisive role in delaying the transport of pollutants.
On the other hand, preferential flows within the soil structure can accelerate the migration of pollutants into the aquifer (Wehrer & Totsche ) . The aim of this work was to determine the transport of three emerging pollutants, namely the non-steroidal anti-inflammatory drug naproxen, the antiepileptic carbamazepine, and the antimicrobial agent triclosan, through a long-term wastewater-irrigated agricultural soil; the method being by undisturbed soil column experiments performed using two hydrological regimes.
METHODS
In this section, the methodology followed to obtain the soil columns, perform the transport experiments, and determine the target pollutants in the liquid and soil samples is described.
Chemicals
All of the target compounds as well as the surrogate stan- Before experiments, 50 g soil samples were taken at the top of the three columns corresponding to each soil depth and were combined to obtain one composite sample. Parameters shown in Table 2 were determined for the soil samples using standard methodologies (Carter & Gregorich ) .
The pH and the electrical conductivity were measured in a 1:1 soil:0.01 M CaCl 2 suspension using a sensION156
HACH pH/conductivity meter. Concentration of soil organic carbon was determined using the Walkley-Black chromic acid wet oxidation method. Soil bulk density was obtained by weighing soil cores, which were taken directly in the field. The determination of the soil particle size distribution and texture was done using the Bouyoucos hydrometer method. Additionally, the specific surface area of the soil particles was measured using the Brunauer-Emmett-Teller (BET) nitrogen adsorption method. Lastly, the background concentration of the target compounds in the tested soils was quantified prior to the experiments.
Transport experiments
The transport assays were carried out separately for super- each irrigation event was 4 days at a controlled temperature of 25 W C. Throughout the irrigation events, leachates were recovered at the bottom of the soil columns and discretized into 100 mL sub-samples.
For the sub-superficial columns, transport experiments under steady-state flow conditions were set up as shown in Figure 1 (b). The irrigation solution (0.01 M CaCl 2 ) was supplied to the soil columns using a Gilson Miniplus 3 peristaltic pump at a constant flow rate of 0.125 mL/min.
Water was sucked from the bottom of the columns using the same peristaltic pump (the outflow rate was therefore equal to the inflow rate). The pH and electrical conductivity of the leachate was measured online throughout the experiment and recorded in a data-logger. Leachate was discretized into 7.5 mL sub-samples, using a GE Frac-912 fraction collector, and stored in glass tubes. The transport experiment in the sub-superficial columns was divided into three stages. In the first stage, which took 48 h, irrigation was performed using the 0. 5 mL of acetone and once with 5 mL of 5% acetic acid solution, using a vacuum flow equivalent to 5 mL/min. After passing the liquid samples, naproxen and carbamazepine were eluted from cartridges with 5.5 mL of a mixture 40:60 of acetone:sodium bicarbonate 0.1 M, adjusted to pH 10; then, the cartridges were dried for 1 h with vacuum at a flow rate of 10 mL/min. Following the drying step, triclosan was eluted with 5 mL of acetone. Both phases were concentrated using a gentle atmosphere of ultra high purity nitrogen and the water remaining in the sample was removed by adding anhydrous sodium sulfate.
Lastly, the internal standards clofibric acid and [ 2 H 4 ] 4-nnonylphenol were added to samples and derivatization was performed, through the production of methyl-silyl derivates, using the agents MTBSTFA for naproxen and carbamazepine, and BSTFA for triclosan.
Analysis of soil was performed using the method pro- 
Data analysis
The transport parameters for target emerging pollutants and tracer (i.e., retardation factor, solute dispersion, and deter- Regarding anion exclusion, this phenomenon has been previously reported in similar soils (García-Gutiérrez et al.
; Prado et al. )
. Anion exclusion may be patent not only for bromide but also for the negatively charged contaminants such as naproxen and the dissociated fraction of triclosan at the pH value of the soil (see pK a values of triclosan in Table 1 ). Mass balance for bromide showed that neither degradation nor accumulation nor production occurred throughout the soil column experiment.
Regarding the target emerging pollutants, naproxen and carbamazepine were found in the leachate samples at different times throughout the experiment, while triclosan was not observed in leachate samples. This behavior may be caused by two phenomena, which may occur simultaneously: (1) the irreversible sorption of the antimicrobial agent onto the soil particles; and (2) its rapid biodegradation by the native microorganisms of the soil.
Retardation factors of the compounds detected in the leachates could be determined by the analysis of the breakthrough curves, establishing the value of this factor as the center or gravity of the curve. Retardation factor was 3.8 for carbamazepine and 1.5 for naproxen. Higher retardation of carbamazepine compared to naproxen has been reported by others (Chefetz et al. ) , and may be explained by the higher affinity of the antiepileptic drug to the soil organic matter. Conversely, naproxen molecules, occurring in their negative dissociated form at the pH values of soils (Table 1) , may be repelled to an important extent by the soil organic matter and clay particles.
In spite of the molecules of naproxen undergoing anion exclusion by the soil particles, the mobilization of this pharmaceutical through the soil was not as rapid as that observed for the bromide. This is explained by the organic nature of the molecule, which maintains an organic domain consisting of a double ring structure. Through the organic moiety, naproxen molecules may be sorbed by both the soil organic matter and clay (Chefetz et al. ) .
According to the mass balance, 14.5% of the amount of naproxen entering into the soil columns was degraded, while for carbamazepine this value was zero. In the case of triclosan, the compound was not found either in the lea- between the soil components and the pharmaceutical compound, such as sorption and probably intra-particle diffusion, as was suggested by the tracer tests.
Mass balance showed losses of naproxen and triclosan (13 and 98%, respectively) during the experiment, proving the degradation of the target compounds, notably for triclosan. Degradation of naproxen and triclosan was similar for both soil depths. On the other hand, high recovery of carbamazepine in leachate and the soil (>97%) was indicative of its recalcitrance, which is consistent with those reported in the literature (Clara et al. ) . In the case of carbamazepine, degradation was higher in the subsuperficial soil than in the superficial soil.
CONCLUSION
Infiltration of wastewater through soil proved to be efficient
in retaining the emerging pollutants tested. Natural attenuation mechanisms, such as sorption onto the soil organic matter and biodegradation, occurred in the soil porous media, delaying the arrival of these contaminants to the aquifer and thus minimizing the risk of groundwater pollution. The mobilization of the target emerging pollutants was higher in the superficial soil due to both preferential paths through the soil column and the anion exclusion of the negatively dissociated compounds. Conversely, delay in the transport of the pollutants in the sub-superficial soil was higher than that observed in the superficial soil, indicating that the closure of preferential paths upon the humidification of soil in the steady-state hydrological regime contributes to the higher retention of these compounds in the soil matrix as well as to their degradation.
